M. Downregulation of organic anion transporters OAT1 and OAT3 correlates with impaired secretion of para-aminohippurate after ischemic acute renal failure in rats. Am J Physiol Renal Physiol 292: F1599 -F1605, 2007. First published January 23, 2007; doi:10.1152/ajprenal.00473.2006.-Ischemic acute renal failure (iARF) was described to reduce renal extraction of the organic anion para-aminohippurate (PAH) in humans. The rate-limiting step of renal organic anion secretion is its basolateral uptake into proximal tubular cells. This process is mediated by the organic anion transporters OAT1 and OAT3, which both have a broad spectrum of substrates including a variety of pharmaceutics and toxins. Using a rat model of iARF, we investigated whether impairing the secretion of the organic anion PAH might be associated with downregulation of OAT1 or OAT3. Inulin and PAH clearance was determined starting from 6 up to 336 h after ischemiareperfusion (I/R) injury. Net secretion of PAH was calculated and OAT1 as well as OAT3 expression was analyzed by RT-PCR and Western blotting. Inulin and PAH clearance along with PAH net secretion were initially diminished after I/R injury with a gradual recovery during follow-up. This initial impairment after iARF was accompanied by decreased mRNA and protein levels of OAT1 and OAT3 in clamped animals compared with sham-operated controls. In correlation to the improvement of kidney function, both mRNA and protein levels of OAT1 and OAT3 were upregulated during the follow-up. Thus decreased expression of OAT1 and OAT3 is sufficient to explain the decline of PAH secretion after iARF. As a result, this may have substantial impact on excretion kinetics and half-life of organic anions. As a consequence, the biological effects of a variety of organic anions may be affected after iARF. organic anion transporter 1; organic anion transporter 3; proximal tubule; basolateral uptake; renal plasma flow; glomerular filtration; inulin; clearance; PAH net secretion THE ORGANIC ANION TRANSPORT system of the renal proximal tubule plays a crucial role in the excretion of a variety of potentially toxic compounds (22, 35) . This system consists of organic anion exchangers located at the basolateral membrane and a less well-characterized transport step at the apical membrane (8). The classical basolateral organic anion exchanger is the terminal step in a tertiary active transport system, dependent on an inward-directed Na ϩ gradient to drive the uptake of ␣-ketoglutarate (␣KG), which is then exchanged for organic anions (7, 11, 23) . It has been shown that OAT1 represents characteristics of the basolateral, polyspecific transporter for organic anions (30), which had been functionally described since substantial time (23). Recently, new evidence has indicated that OAT3 (16), which is also located in the basolateral renal proximal tubular membrane, works as an exchanger for organic anions and dicarboxylates, too (32). Moreover, additional homologs have been cloned and were called OAT2 (28), OAT4 (4), OAT5 (40), and OAT6 (20). These clones show 40 to 60% homology in amino acid sequence compared with OAT1 or OAT3, and they differ in substrate specificity and expression pattern. Furthermore, these latter proteins are not anion exchangers like OAT1 or OAT3 but seem to work as facilitators of anion diffusion. In summary, the classical renal basolateral polyspecific uptake transporter for organic anions is represented by OAT1 and OAT3 (9, 29).
organic anion transporter 1; organic anion transporter 3; proximal tubule; basolateral uptake; renal plasma flow; glomerular filtration; inulin; clearance; PAH net secretion THE ORGANIC ANION TRANSPORT system of the renal proximal tubule plays a crucial role in the excretion of a variety of potentially toxic compounds (22, 35) . This system consists of organic anion exchangers located at the basolateral membrane and a less well-characterized transport step at the apical membrane (8) . The classical basolateral organic anion exchanger is the terminal step in a tertiary active transport system, dependent on an inward-directed Na ϩ gradient to drive the uptake of ␣-ketoglutarate (␣KG), which is then exchanged for organic anions (7, 11, 23) . It has been shown that OAT1 represents characteristics of the basolateral, polyspecific transporter for organic anions (30) , which had been functionally described since substantial time (23) . Recently, new evidence has indicated that OAT3 (16) , which is also located in the basolateral renal proximal tubular membrane, works as an exchanger for organic anions and dicarboxylates, too (32) . Moreover, additional homologs have been cloned and were called OAT2 (28) , OAT4 (4), OAT5 (40) , and OAT6 (20) . These clones show 40 to 60% homology in amino acid sequence compared with OAT1 or OAT3, and they differ in substrate specificity and expression pattern. Furthermore, these latter proteins are not anion exchangers like OAT1 or OAT3 but seem to work as facilitators of anion diffusion. In summary, the classical renal basolateral polyspecific uptake transporter for organic anions is represented by OAT1 and OAT3 (9, 29) .
Meanwhile, there is increasing evidence that renal basolateral organic anion uptake is regulated. An increasing number of studies published concentrate on acute regulatory phenomena and deal with regulation by PKC and PKA (for a review, see Refs. 9 and 33). With respect to long-term regulation of renal organic anion transport, much less data are available. There is evidence that renal organic anion transport is regulated by sex steroids since substantial time (25) , which is now shown to be most probably due to regulation of OAT1 and OAT3 (3, 17) and possibly OAT2 (3). Moreover, hyperuricemia was shown to reversibly downregulate OAT1 and OAT3 (12, 13) . In the rat kidney, OAT1 and OAT3 are both downregulated after ureteral obstruction (36) . Only recently, it was shown that prostaglandin E 2 leads to downregulation of the expression of both OAT1 and OAT3 in rat proximal tubular cell line NRK-52E after long-term exposure (up to 72 h) (26) .
In human renal allograft, the clearance of the prototypical organic anion PAH was reduced for at least 7 days after transplantation (5) . In this model of postischemic renal injury, the renal extraction of para-aminohippurate (PAH) was found to be profoundly reduced; leading to the assumption that proximal tubular transport of organic anions itself is impaired. The rate-limiting step of organic anion secretion, its basolateral uptake, is mediated by OAT1 and OAT3, which in principle is now known to be regulated on the level of protein expression (3, 12, 13, 17, 26, 36) . Thus we hypothesized that the impairment of organic anion extraction mentioned above may be due to a decreased expression of OAT1 or OAT3. We investigated this in a well-established rat model of ischemic acute renal failure (iARF) (24, 27) . In fact, the determination of inulin clearance, PAH clearance, and net secretion of PAH and the amount of mRNA and protein of OAT1 and OAT3 indicate that expression of both OAT1 and OAT3 is transiently downregulated after ischemia-reperfusion (I/R) injury.
MATERIALS AND METHODS

Experimental Procedure
Experiments were performed as published recently (24, 27) , where I/R injury was induced by bilateral clamping of renal arteries for 45 min. Female Sprague-Dawley rats (200 to 250 g body wt) were obtained from Charles River (Kissleg, Germany). After a period of at least 24 h in cages within a temperature-controlled room with 12:12-h light-dark cycle and standard food with free access to tap water, anesthesia was performed by intraperitoneal application of xylacin hydrochloride (10 mg/kg body wt) and ketamine (100 mg/kg body wt). All operative procedures were performed on thermoregulated heating boards to maintain body temperature at 37°C. Animals were divided into the following subgroups.
Clamping group (bilateral clamping and supplementation with saline). Both kidneys were prepared carefully by a bilateral flank incision. Renal arteries were prepared and temporarily ligated on both sides to start clamping with microclips simultaneously. Dispensable fluid loss was prevented by closing wounds with sterile strips during the clamping phase. Intraperitoneal application of 0.5 ml 0.9% NaCl was started 15 min after clamping. Following the clamping period, both microclips were removed and sutures of muscular layers and skin were made to close the wound. For postoperative pain relieving therapy tramadol (0.05 mg/kg body wt) was subcutaneously applied and postoperative dehydration was prevented by subcutaneously administration of additional 0.3 ml 0.9% NaCl. Animals were kept in a warmed environment as long as animals became awake.
Sham group (sham operation and supplementation with saline). Identical procedure was performed in analogy as described for clamping group, except that in these animals no clamping of renal arteries was performed.
Control group (untreated animals). Animals with no previous treatment were investigated. These animals reflect day 0.
The care of animals and experimental procedures performed in this study were in accordance with the German law for animal protection and the guidelines of the American Journal of Physiology Guiding Principles in the Care and Use of Animals.
Measurement of Clearances and PAH Net Secretion
Inulin and PAH clearances were determined as described recently (27) . Thereafter, net secretion of PAH (PNS) was calculated as described below.
In the anesthetized animal, the left femoral vein was cannulated with a PE-10 (polyethylene) catheter. Fluorescein-isothiocyanateinulin (inulin) and PAH (1 mg of each substance solved in 0.25 ml 0.9% NaCl) were applied as a bolus injection, followed by constant infusion of both substances (5 mg/h inulin, 5 mg/h PAH) using a Secura FT perfusor (B. Braun, Melsungen, Germany). After suprapubic incision, the urine bladder was cannulated with a PE-50 (polyethylene) catheter to measure urine flow and obtain urine samples. When reaching a steady state after 30 min of infusion, urine was collected for 20 min and blood samples were drawn subsequently. Samples were centrifuged and stored at Ϫ20°C. Inulin concentrations in urine and plasma were determined by fluorescence spectrometry (1420 Victor 2 Multilabel Counter), whereas PAH concentrations were measured by photospectrometry (Dynatech Lab, Guernsey, UK) using the anthrone method. Calculations of inulin clearance, PAH clearance, and PNS were performed according to the equations: inulin clearance ϭ
where IU is inulin concentration in urine; PAHU is PAH concentration in urine; IP is inulin concentration in plasma; PAHP is PAH concentration in plasma; VU is urine volume; and t is time of measurement.
Organ Preparation and Tissue Harvesting
After blood samples were drawn, both kidneys were perfused under pressure-controlled conditions (100 mmHg) with ice-cold 0.9% NaCl for 20 s. Subsequently, samples of renal cortex were snap-frozen in liquid nitrogen and stored at Ϫ80°C.
Protein Immunoblot
For Western blot analysis, frozen kidney cortex was homogenized using a stainless steel mortar cooled by liquid nitrogen, dissolved in lysis buffer containing 25 mmol/l Tris ⅐ HCl, 7 mmol/l reduced glutathione, 0.5 mmol/l EDTA, 0.2 mol/l PMSF, 1 mol/l leupeptin, 1 mol/l pepstatin, 1 mol/l trans-epoxysuccinyl-L-leucylamido butane, and 1 mg/ml trypsin inhibitor, and further minced with an ultrasonic disperser UW 70 (Bandelin Electronic, Berlin, Germany). Total protein was measured in samples using the Bradford method (1). Samples of protein (5 to 40 g) were analyzed by Western blot with the respective antibodies. Rabbit OAT1 polyclonal antibody (diluted 1:500) and rabbit OAT3 polyclonal antibody (diluted 1:500) were from alpha diagnostic (San Antonio, TX). Blots were subsequently incubated with horseradish peroxidase-conjugated anti-rabbit IgG (1:2,000, Dako, Hamburg, Germany) and were developed using a chemiluminescence kit (ECL Plus) following the manufacturer's instruction (Amersham Pharmacia Biotech, Buckinghamshire, UK). Blots were analyzed densitometrically using the Quantity One software (Bio-Rad Laboratories, Philadelphia, PA).
RT-PCR
RNA from kidney cortex was extracted using AquaPure RNA Isolation Kit (Bio-Rad). In brief, RT-PCR was performed according to Superscript One-Step RT-PCR system protocol (Invitrogen, Carlsbad, CA). cDNA was generated at 50°C for 30 min and then the samples were denatured at 94°C for 2 min. PCR amplification was performed in 40 cycles of 94°C for 15 s, then 55°C for 30 s, and 72°C for 60 s. The final elongation step was 72°C for 10 min. For OAT1, the primers were 5Ј-aga gtc aca gag ccc tgc at-3Ј (sense) and 5Ј-gcc cag gct gta gac ata gc-3Ј (antisense), resulting in a 402-bp RT-PCR product. For OAT3, the primers were 5Ј-tcc tgg tgg gta cca gag tc-3Ј (sense) and 5Ј-ctg cat ttc tga agg cac aa-3Ј (antisense), resulting in an 468-bp RT-PCR product. For GAPDH, the primers were 5Ј-cgg caa ctt caa cgg cac agt ca-3Ј (sense) and 5Ј-ggt ttc tcc agg cgg cat gtc a-3Ј (antisense), resulting in a 560-bp RT-PCR product. The RT-PCR products generated with primers for OAT1 and OAT3 were tested by sequencing (MWG Biotech, München, Germany) and were found to represent the predicted parts of the respective mRNAs.
Data Analysis
Data are presented as means Ϯ SE. The n value is given in the text or in the figures. For all experiments, n equals the number of rats or the number of experiments (RT-PCR, Western blot) with tissue or tissue extractions from distinctive rats. Statistical significance was determined by unpaired Student's t-test. Data from sham-operated animals were tested against untreated controls and data from clamped animals were tested against sham-operated animals. Differences were considered statistically significant when P Ͻ 0.05. from Bayer (Leverkusen, Germany), and ketamine (Ketanest) was from Pharmacia and Upjohn (Erlangen, Germany). If not indicated otherwise, all substances were further diluted in 0.9% NaCl (wt/vol). If not stated otherwise, chemicals were from Sigma (St. Louis, MO).
RESULTS
Bilateral clamping of renal arteries led to a transient decrease of GFR as measured by renal clearance of inulin, which was almost total 6 h after start of reperfusion (Fig. 1) . Renal clearance of inulin gradually recovered until day 7 (168 h) after I/R injury. Subsequently, no significant difference between animals with clamped renal arteries and sham-operated animals was measured in the follow up beginning with day 7. Thus 7 days (168 h) after ischemic insult renal filtration appears to have already completely recovered compared with sham-operated animals.
As there are numerous studies indicating a decrease in RPF after iARF, we investigated the effect of I/R injury on PAH clearance in our model of bilateral clamping of renal arteries in rats. In analogy to what was measured for inulin clearance, PAH clearance almost completely ceased 6 h after reperfusion followed by a steady increase with time ( Fig. 2) . Similar to what was observed for inulin clearance, PAH clearance recovery was completed 7 days (168 h) after I/R injury compared with sham-treated animals.
PAH clearance was diminished for up to 24 h after I/R injury, which can in principle be due to reduced renal delivery of PAH or reduced proximal tubular secretion of PAH. In particular, the study from Corrigan et al. (5) indicated a reduced proximal tubular secretion of the organic anion PAH after I/R injury. Therefore, we calculated the PAH net secretion (PNS) as a measure of organic anion secretion by the renal proximal tubule. As indicated in Fig. 3 , PNS strongly declines 6 h after I/R injury and gradually increases with time. Surprisingly, 24 h after I/R injury PNS was slightly reduced in sham-operated animals compared with untreated control. At present, we have no ensured explanation for this phenomenon except the putative peri-and postoperative stress. More important however, the PNS in clamped animals is substantially different from sham-operated animals. In accordance to inulin clearance and PAH clearance as well, PNS reaches values of sham-treated animals 7 days (168 h) after I/R injury.
A reasonable explanation for a reduced PNS in general is an impairment of the proximal tubules capacity to secrete organic anions after renal I/R injury. As already mentioned in the introduction, the rate-limiting step of proximal tubular organic anion secretion is basolateral uptake into the proximal tubular epithelial cells, which is mediated by OAT1 and OAT3. Since the expression of both proteins is known to be regulated in Fig. 1 . Effect of renal ischemia and reperfusion on the renal clearance of inulin in Sprague-Dawley rats. Renal clearance of inulin was determined as a measure of glomerular filtration rate (GFR) as described in MATERIALS AND METHODS [GFR ϭ (IU ϫ VU)/(IP ϫ t)]. After either a sham operation or a bilateral clamping of the renal arteries for 45 min, the renal clearance of inulin was determined after 6, 24, 72, 168, or 336 h. Renal clearance of inulin was additionally determined in untreated control rats. n Is given in or beside the respective bars. *Statistical significant difference between sham-operated and clamped animals. principle, we hypothesized that the observed decline in PNS after I/R injury may be due to a diminished amount of OAT1 and/or OAT3 present in the proximal tubular cells.
To further test this hypothesis, we first investigated the effect of renal ischemia and subsequent reperfusion on the amount of mRNA of both OAT1 and OAT3 present in kidney cortex extracts. Figure 4 displays a typical RT-PCR result showing the relative amount of mRNA of OAT1 and OAT3 compared with glycerinaldehyd dehydrogenase (GAPDH). As indicated in Fig. 4B , the relative amount of OAT1 mRNA is dramatically decreased 6 h after I/R injury, which is also the case after 24 h. The amount of mRNA is again indifferent 72 h after I/R injury in clamped and sham-operated animals. The relative amount of OAT1 mRNA in sham-operated animals never differs from the amount in untreated controls. As indicated in Fig. 4C , a similar regulation was determined for the relative amount of OAT3 mRNA after I/R injury. Thus the relative amount of mRNA for both OAT1 and OAT3 is strongly decreased 6 h and is totally restored after a 72-h postischemic reperfusion period.
The latter data strongly point to a reduced expression level of OAT1 and OAT3 after I/R injury. As this would be a potential explanation for the decline in PNS after renal ischemia, we investigated the amount of OAT1 and OAT3 protein in kidney cortex extracts in our rat model of iARF. Anti-OAT1 antibody recognized a band in the range just below 60 kDa, which is well within the range of data published before for OAT1 (14, 18, 26) . As indicated in Fig. 5B , the relative expression of OAT1 is strongly reduced 6 h after reperfusion and then gradually recovers with time. The expression Fig. 4 . Effect of renal ischemia and reperfusion on the mRNA levels of OAT1 and OAT3 in renal cortex from Sprague-Dawley rats. Total RNA was generated from kidney cortex. RT-PCR against OAT1, OAT3, and GAPDH was performed as described in MATERIALS AND METHODS. A: typical pattern of RT-PCR products. RT-PCR leads to products of the predicted lengths for OAT1 (402 bp), OAT3 (468 bp), and GAPDH (560 bp). After a reperfusion interval of 72 h, no difference was detected between the untreated controls, the sham-operated animals, and the clamped group. B: effect of renal ischemia and reperfusion on the mRNA levels of OAT1. Total RNA was generated from kidney cortex. Amount of OAT1 mRNA signal normalized to the respective signal from GAPDH. *Statistical significant difference between sham-operated and clamped animals. n Is given in the respective bars. C: effect of renal ischemia and reperfusion on the mRNA levels of OAT3. Total RNA was generated from kidney cortex. Amount of OAT3 mRNA signal normalized to the respective signal from GAPDH. *Statistical significant difference between sham-operated and clamped animals. n Is given in the respective bars. of OAT1 is no more different in clamped animals compared with sham-operated animals 7 days after I/R injury. Expression of OAT1 in sham-operated animals never differs from untreated controls. As indicated in Figs. 5A and 6A, the expression of ␤-actin in renal cortex was not affected by I/R injury.
Anti-OAT3 antibody recognized two prominent bands in the range of ϳ130 and 110 kDa, the latter being the more pronounced one. Preabsorption of the antibody to the epitope peptide led to strongly diminished signal of both bands (data not shown), indicating that the positive bands were specific for the antigen peptide. In accordance to what was described by Ljubojevic et al. (17), we used the lower band for comparison of the effect of renal ischemia in our study. Relative protein expression of OAT3 is similar compared with OAT1: relative expression of OAT3 is strongly reduced 24 h after renal ischemia and then gradually recovers with time (Fig. 6B) . Starting with day 7 (168 h) after I/R injury, expression of OAT3 is no more different in clamped and sham-operated animals. Expression of OAT3 in sham-operated animals did not differ from untreated controls.
DISCUSSION
In the present study, we addressed the question of whether the decline of PAH clearance measured after renal ischemia Fig. 5 . Effect of renal ischemia and reperfusion on the protein levels of OAT1 in renal cortex from SpragueDawley rats. Total protein was generated from kidney cortex. Western blot against OAT1 and ␤-actin was performed as described in MATERIALS AND METHODS. A: Western blot against OAT1 and ␤-actin. Antibody against OAT1 recognized a band in the range of 57 kDa, and the anti-␤-actin antibody recognized a band at 42 kDa. Western blotting was performed using protein extracts from kidney cortex either from sham-operated or from clamping animals after 6, 24, 72, 168, or 336 h. Kidney cortex extracts from untreated animals were used as controls. B: effect of renal ischemia and reperfusion on the relative expression of OAT1. Amount of OAT1 Western blot signal was normalized to the respective signal from ␤-actin. Western blotting was performed using protein extracts from kidney cortex either from shamoperated or from clamping animals after 6, 24, 72, 168, or 336 h. Kidney cortex extracts from untreated animals were used as controls. *Statistical significant difference between sham-operated and clamped animals. n Is given in the respective bars. Fig. 6 . Effect of renal ischemia and reperfusion on the protein levels of OAT3 in renal cortex from SpragueDawley rats. Total protein was generated from kidney cortex. Western blot against OAT3 and ␤-actin was performed as described in MATERIALS AND METHODS. A: Western blot against OAT3 and ␤-actin. Antibody against OAT3 recognized a band in the range of 110 kDa, and the anti-␤-actin antibody recognized a band at 42 kDa. Western blotting was performed using protein extracts from kidney cortex either from sham-operated or from clamping animals after 6, 24, 72, 168, or 336 h. Kidney cortex extracts from untreated animals were used as controls. B: effect of renal ischemia and reperfusion on the relative expression of OAT1. Amount of OAT1 Western blot signal was normalized to the respective signal from ␤-actin. Western blotting was performed using protein extracts from kidney cortex either from sham-operated or from clamping animals after 6, 24, 72, 168, or 336 h. Kidney cortex extracts from untreated animals were used as controls. *Statistical significant difference between sham-operated and clamped animals. n Is given in the respective bars. may be accompanied by a decreased expression of the basolaterally located transport proteins OAT1 and/or OAT3, which mediate the rate-limiting step of renal organic anion secretion. In a first approach, we therefore characterized the behavior of the renal clearance of inulin and PAH at different time points in the reperfusion period. The effect of ischemia observed in the reperfusion period is in good agreement with data published before (27) , indicating a good reliability and reproducibility of this particular model system of ischemic acute renal failure. As expected, renal ischemia leads to a similar pattern of inhibition of PAH clearance and inulin clearance, due to the fact that reduced plasma flow should lead to reduced filtration. Thus, considering PAH clearance and inulin clearance alone, it is impossible to decide to what extent a reduced renal clearance of PAH is really due to impaired renal perfusion or to diminished proximal tubular secretion. Therefore, we calculated the PNS (as indicated in MATERIALS AND METHODS) to extinguish the effect of changed glomerular filtration within PAH clearance data to describe the secretion of organic anions by the proximal tubular epithelium.
PNS was diminished in clamped animals and recovered to values of untreated controls or sham-operated animals at day 7 (168 h). This is in parallel to the pattern of the clearances of both inulin and PAH. Thus the reduction of proximal tubular PAH secretion is, at least in part, responsible for the decrease in PAH clearance observed in the reperfusion period. This is in agreement with Corrigan et al. (5) who concluded that the reduced extraction of PAH after ischemia has a major impact on PAH clearance.
As I/R injury decreases PNS, we speculated whether this may be due to a reduced expression of the basolaterally located, rate-limiting (9) exchange proteins OAT1 and/or OAT3. The amount of OAT1 and OAT3 steeply decreases on the level of mRNA and protein after intervention. The relative amount of mRNA from both OAT1 and OAT3 in kidney cortex of clamped animals is restabilized to the range of shamoperated animals 3 days (72 h) after I/R injury, whereas equalization of protein amount is achieved 7 days (168 h) after intervention. This is strong evidence that transcriptional recovery of OAT1 and OAT3 leads to a reconstitution of mRNA amount followed by a delayed increase of the respective proteins.
The amount of protein from OAT1 and OAT3 recovered 7 days after reperfusion. This is sufficient to explain the parallel recovery of PNS at the same time, although it is certainly no proof that restored expression of OAT1 and OAT3 alone is responsible for PNS recovery. We are aware of the fact that other effects may be involved in the recovery of PNS. Beside a recovery of renal perfusion, the regain of proximal tubular surface area (31) or the restoration of epithelial polarity, which both were demonstrated to be lost after I/R injury (37), may be involved. Moreover, the apical export steps for organic anions (35, 39) may also be affected by I/R injury and will thus influence the PNS and its recovery. Unfortunately, up to now there are no data available on expression of luminal organic anion transport proteins in the proximal tubule after renal I/R injury. Therefore, we cannot exclude that changes in expression or activity of luminal organic anion transport proteins may be involved in the behavior of PNS. Whether this is the case in our model will be investigated in future studies.
As mentioned earlier, it has already been shown that expression of OAT1 and/or OAT3 may be regulated in principle. Only recently, in a cell line from rat proximal tubule we could show that prostaglandin E 2 downregulates the expression of OAT1 and OAT3 in a time-and dose-dependent manner (26) . Prostaglandin E 2 is a metabolite of arachidonic acid playing an important role in inflammation processes and intracellular signal transduction. Prostaglandin E 2 is known to be an important regulator of renal perfusion (10) and its generation is significantly increased in the kidney after I/R injury (19) . In the latter, it is thought to restore and stabilize renal perfusion [together with other vasoactive regulators, e.g., nitric oxide (NO) (6, 34) ]. COX-2, one source of prostaglandin E 2 generation, is induced and activated in a NO-dependent manner (38) . As NO is generated in iARF (27) , this may represent a signaling pathway leading to COX-2 activation and subsequent generation of prostaglandin E 2 . A recent study from Myers et al. (21) indicates that upregulation of COX-2 takes also place in the kidney cortex, which is also the case in our model (preliminary, unpublished results). Interestingly, upregulation of COX-2 is reported to be maximal in the period up to 5 h after ischemia and then gradually declines (19) . This is in good agreement with our data showing the maximum detrimental effects 6 h after I/R injury. Supportive preliminary evidence is obtained using a simple in vitro model of proximal tubular ischemia. Therein, we applied hypoxia and hypoglycemia (2 h) to a cell line from rat proximal tubule (NRK-52E), leading to a decrease of basolateral organic anion uptake (and expression of OAT1 and OAT3) 48 h after ischemia. Application of the COX-Inhibitor indomethacin after hypoxia/hypoglycemia completely restored organic anion uptake (unpublished results), which is supportive to the above mentioned mechanistic considerations. In summary, we therefore hypothesize that prostaglandin E 2 is generated in the kidney cortex after I/R injury, which then downregulates the expression of OAT1 and OAT3. Whether this speculation holds true will be tested in future studies.
As OAT1 and OAT3 play a crucial role in the renal excretion of a variety of anionic drugs or other potentially toxic compounds, the data presented here are in agreement with dose reduction necessities in case of ARF. Thus, renal ischemia will affect the pharmacokinetics of the mentioned substances, leading to increased plasma levels and half-lives. Prostaglandin E 2 is an organic anion itself and thus a substrate for both OAT1 and OAT3 (15) . According to the data presented here, the proximal tubular elimination of prostaglandin E 2 will be inhibited after renal I/R injury. As a consequence, this would prevent a washout of prostaglandin E 2 and could thus represent a rescue mechanism for maintenance of renal circulation after renal ischemia.
